OBJECTIVE: Circulating leptin has recently been proposed as the peripheral signal indicating the adequacy of nutritional status for reproductive function. To test whether low plasma leptin concentration for a given degree of adiposity is associated with menstrual dysfunction, we measured plasma leptin concentration and body composition in young premenopausal women with normal or abnormal reproductive function. DESIGN: Fasting plasma leptin concentration (ELISA), body composition (dual energy X-ray absorptiometry) and menstrual status (menstrual history and hormonal pro®le) were assessed in 34 premenopausal women characterized by different levels of physical activity. RESULTS: Body fat content and plasma leptin concentration were both reduced in women with impaired reproductive function (amenorrheic`anovulatory`eumenorrheic women). However, after adjusting plasma leptin concentration for percentage body fat, there was no independent association between leptin and menstrual function. CONCLUSION: Menstrual abnormalities in young premenopausal women seem to occur as a consequence of the linear decline in adiposity and plasma leptin concentration observed in response to inadequate nutritional status. Levels of adiposity below 15% and plasma leptin concentration below 3 ng/ml are more likely to be associated with impaired reproductive function.
Introduction
The recent discoveries of the obesity gene (ob) in the ob/ob mouse, 1 its human analogue (OB), and its product, leptin, 2 have shed new light on the relationship between adiposity and the hypothalamic regulation of energy balance and reproductive function. 3 Energy de®ciency, in animals as in humans, is accompanied by weight loss and a series of hormonal changes, aimed at conservation of energy, which include the suppression of the reproductive axis. 4 It has been proposed that leptin may be the peripheral signal indicating the adequacy of energy stores (adipose tissue) for normal reproduction. The leptin receptor is expressed in many tissues, including the brain (choroid plexus, hypothalamus, and hypophysis) 5 and ovaries. 6 In ob/ob mice, administration of leptin reverses obesity and restores a normal estrus cycle. 7 This effect seems to be independent of changes in body weight, since energy restricted pair-fed ob/ob mice did not regain a normal reproductive function as did leptin-treated mice. 8 The administration of leptin also prevents the suppression of the reproductive axis in fasted rodents. 9 In humans, as in animals, plasma leptin concentration is highly correlated with the degree of adiposity 2, 10 and women with a low adiposity may have insuf®cient plasma leptin concentration for maintenance of a normal reproductive function. In the present study we measured fasting plasma leptin concentration and body composition and assessed reproductive function in 34 premenopausal women characterized by different levels of physical activity, to test whether an abnormal reproductive function is associated with low plasma leptin concentration for a given degree of adiposity. We report that the impairment of the reproductive system is a linear function of the decreasing adiposity and plasma leptin concentration associated with a sub-normal nutritional status.
Subjects and methods
Thirty-four premenopausal women (age 16±38 y) were recruited for this study. Their physical characteristics are shown in Table 1 . All subjects were admitted to the clinical research center of the National Institutes of Health in Phoenix after an overnight fast and after refraining from exercising for at least 12 h. All subjects were healthy and free of medications, including oral contraceptives. All subjects completed a health history questionnaire, which included information on menstrual status, exercise training and diet. Subjects were classi®ed as sedentary if they did not participate in any regular aerobic exercise. The remaining subjects were trained and engaged in at least 5 h/week of aerobic exercise (competitive and/or recreational exercise). All menstruating subjects were studied in the luteal phase of the menstrual cycle (7± 10 d post-ovulation). A fasting blood sample was collected for measurement of plasma leptin concentration. Plasma leptin concentrations were measured in duplicate, using a solid-phase sandwich enzyme immunosassay using an af®nity-puri®ed polyvalent antibody immobilized in microtiter wells. The concentration of leptin in samples was calculated from a standard curve generated in each assay with recombinant human leptin. This assay is sensitive to leptin concentrations of 50 pg/ml. Body composition was assessed using a total body dual energy X-ray absorptiometer (Lunar DPX-1, software version 1.3z, Lunar Co., Madison, WI, USA). The protocol was approved by the Institutional Review Boards of the Arizona State University and National Institutes of Health.
Classi®cation of menstrual status
Classi®cation of menstrual status was based on hormonal pro®les and on self-reported menstrual histories. A series of blood samples was drawn during the menstrual cycle to con®rm menstrual status. The amenorrheic subjects had their blood drawn only once since they were not cyclical. Determination of ovulation was based on an increase in urinary LH using OvuQuick # (Quidel, San Diego, CA, USA). Based on the responses to the questionnaire and hormonal/ ovulation pro®les (assessed the month prior to admission), subjects were classi®ed as eumenorrheic sedentary (EUMsed, n 7), eumenorrheic trained (EUMtr, n 14), anovulatory trained (ANVtr, n 7) or amenorrheic trained (AMEtr, n 6). EUMsed and EUMtr self-reported the regular onset of menses every 28± 32 d, displayed normal hormonal pro®le over the menstrual cycle and ovulated. ANVtr displayed the regular onset of menstrual bleeding, however ovulation was not detected on any day during days 11±19 of their menstrual cycle. AMEtr reported menstruating 3 times in the previous year and were not menstruating at the time of the study.
Statistical analyses
Statistical analyses were performed using the procedures of the SAS Institute (Cary, NC, USA). All values are expressed as means AE s.d. unless otherwise indicated. Plasma leptin concentration was log 10 transformed to approximate a normal distribution. Analysis of variance (ANOVA) was used to assess group differences for anthropometric parameters and plasma leptin concentration. Analysis of covariance (ANCOVA) was used to determine the effect of leptin on menstrual status, independent of percentage body fat.
Results
As shown in Table 1 , the 4 groups did not differ in height and body weight. By analysis of variance (ANOVA) there was a signi®cant group effect for age, percentage body fat and plasma leptin concentration. Percentage body fat and plasma leptin concentration were reduced with impaired reproductive function (AMEtr`ANVtr`EUM/trsed, P 0.022 and 0.074 respectively). Plasma leptin concentration was positively correlated with percentage body fat (r 0.86; P`0.01, Figure 1 : upper panel) and fat mass (r 0.84; P`0.01). After adjusting plasma leptin concentration for percentage body fat, there was no independent association between plasma leptin concentration and menstrual function. This was also true after accounting for training status. Furthermore, training status had no effect on plasma leptin concentration independent of percentage body fat. The bottom panel of Figure 1 shows the correlation between plasma leptin concentration and adiposity expressed as group mean AE s.e.m. 
Discussion
We measured fasting plasma leptin concentration and body composition and assessed reproductive function in 34 young premenopausal women, to test whether or not the menstrual abnormalities associated with energy restriction are attributable to a low plasma leptin concentration independent of body fatness. Abnormal reproductive function was associated with low percentage body fat and low plasma leptin concentration. However, after adjusting for percentage body fat there was no independent association between plasma leptin concentration and menstrual function. Also, no effect of training was found on plasma leptin concentration or menstrual function, independent of percentage body fat. Our data suggest that menstrual function in young premenopausal women declines linearly with the decline in adiposity and plasma leptin concentration. Leptin may, therefore, be the hormone signaling the nutritional status of a woman to the centers involved in the regulation of reproductive function. Studies in animals indicate that administration of leptin reverses sterility, 5, 6 prevents starvation-induced suppression of the reproductive axis 7 and accelerates the onset of puberty. 11, 12 In humans, low plasma leptin concentration is associated with alterations of reproductive function. 13 Laughlin and Yen 13 have recently shown that female athletes have low plasma leptin concentrations compared to Body Mass index (BMI)-matched sedentary controls. In this study, there was no difference in average 24 h plasma leptin concentration between menstruating and non-menstruating women athletes. However, a lack of nocturnal rise in leptin concentration was observed in the non-menstruating women athletes. Our data seem to con®rm Laughlin's ®ndings that below 15% body fat and/or 3 ng/ml plasma leptin concentration, women are at increased risk of impaired reproductive function. However, our data also seem to indicate that alterations in reproductive function, such as anovulatory cycles, may occur at higher levels of body fatness ( $ 20%) and plasma leptin concentration ( $ 5 ng/ ml).
Caution should be taken, though, not to assume that critical' levels of fatness or plasma leptin concentration are necessary for disruption of the hypothalamicpituitary-gonadal axis, as indicated by the large variability of percentage body fat and plasma leptin concentrations observed in our AMEtr and ANVtr. Also, it is important to note that in none of the published studies, including ours, has it been possible to disentangle the close relationship between leptin and adiposity. 13, 14 The relationship between adiposity and plasma leptin concentration seems to be independent of the level of exercise (our data, 13, 15, 16 ) and is true in extremes of nutritional status such as anorexia nervosa. 17 Furthermore, hormones other than leptin also respond to energy de®cit. For example, insulin decreases and cortisol increases in response to fasting, and both of these hormones are thought to regulate leptin expression/secretion. 18±24 Therefore since leptin is not the only circulating hormone responding to energy restriction, it is not possible at this stage to de®nitively prove that leptin is the major and/or only link between the adipose cell and the hypothalamic regulatory centers of the reproductive function. Further studies are necessary to establish the relationships between insulin, cortisol and leptin, and the hypothalamic-pituitary-gonadal axis.
In conclusion, menstrual abnormalities in young, premenopausal women are associated with low adiposity and low plasma leptin concentration. Our data con®rm previous ®ndings that below 15% body fat and/or 3 ng/ml plasma leptin concentration, women are at an increased risk of stopping menstruating. Our data, however, also indicate that alterations of the reproductive function, such as anovulatory cycles, may be present at higher levels of body fatness ( $ 20%) and plasma leptin concentration ( $ 5 ng/ ml). 
